Optical properties (extinction efficiency, single scattering albedo, asymmetry parameter and scattering phase function) of five different desert dust minerals have been calculated with an asymptotic approximation approach (AAA) for non-spherical particles. The AAA method combines Rayleigh-limit approximations with an asymptotic geometric optics solution in a simple and straightforward formulation. The simulated extinction spectra have been compared with classical Lorenz-Mie calculations as well as with laboratory measurements of dust extinction. This comparison has been done for single minerals and with bulk dust samples collected from desert environments. It is shown that the nonspherical asymptotic approximation improves the spectral extinction pattern, including position of the extinction peaks, compared to the Lorenz-Mie calculations for spherical particles. Squared correlation coefficients from the asymptotic approach range from 0.84 to 0.96 for the mineral components whereas the corresponding numbers for Lorenz-Mie simulations range from 0.54 to 0.85. Moreover the blue shift typically found in LorenzMie results is not present in the AAA simulations. The comparison of spectra simulated with the AAA for different shape assumptions suggests that the differences mainly stem from the assumption of the particle shape and not from the formulation of the method itself. It has been shown that the choice of particle shape strongly impacts the quality of the simulations. Additionally, the comparison of simulated extinction spectra with bulk dust measurements indicates that within airborne dust the composition may be inhomogeneous over the range of dust particle sizes, making the calculation of reliable radiative properties of desert dust even more complex.
Desert dust typically consists of a variety of minerals that include quartz, feldspars and several clays (e.g. [6] ). A compilation of typical dust compositions has been reported in [5] or in [7] . However, the actual composition of airborne dust can vary significantly in space and time (see for example [6, 8, 9] ). Therefore it is important to reflect these variations in models of TIR scattering and absorption properties.
Many radiative transfer solutions do not necessarily require knowledge of the refractive index, but of the optical (or single scattering) properties themselves, i.e. of extinction efficiency (or coefficient), single scattering albedo and asymmetry parameter or scattering phase function.
As a consequence there is need for reliable TIR optical properties of desert dust for a wide range of applications (see [4, 5] ). Typically dust optical properties are derived from the complex refractive index using methods relying on spherical (Lorenz-Mie theory) or ellipsoidal respective spheroidal (T-matrix approach) assumptions. Within the Rayleigh limit, that is, for particles having sizes much smaller than the wavelength of incident light, these approaches may become unstable (e.g. [10] ).
This current study introduces a fast method to derive the optical properties of (dust) particles with an arbitrary particle size distribution. It is focused on the terrestrial infrared around the resonance bands of dust particles (750-1750 cm À 1 ). The method builds on well-established formulations of scattering and absorption by particles which are either small (Rayleigh limit) or large (geometric optics limit) compared to the wavelength of the incident light. The suitability of the method is evaluated then by comparison with laboratory extinction spectra obtained from Fourier-Transform Infrared (FTIR) spectroscopy as well as with Lorenz-Mie simulations. The laboratory extinction measurements as well as the compilation of refractive indices for desert dust are explained in Section 2. Section 3 describes the different approaches for calculating optical properties from the spectral refractive index and introduces the asymptotic approximation approach. In Section 4 the results for optical properties of several minerals are presented and analyzed as examples, followed by the comparison of extinction spectra for bulk dust from simulations and measurements in Section 5. The results are discussed in Section 6 while Section 7 summarizes and concludes the paper.
Refractive indices and FTIR measurements of desert dust

Compilation of infrared refractive indices for desert dust components
Desert dust typically consists of external mixtures or aggregates of silicates and a few other minerals. Minerals commonly found in desert dust include quartz, illite, kaolinite, montmorillonite or other smectites as well as feldspars, anhydrite or gypsum and mixtures of calcite and dolomite (e.g. [11, 12, 5, 7] ). Moreover also iron oxides contribute to the dust load with high spatial and temporal variability (e.g. [13, 6] ).
Refractive indices for the five highly abundant dust minerals quartz, illite, kaolinite, montmorillonite and calcite (e.g. [11, 7] ) have been compiled from the literature and are tabulated in 1 cm À 1 increments between 750 and 1750 cm À 1 . These have been selected due to their significant TIR extinction variability (see e.g. [14] [15] [16] ). As the literature values from different sources do not always fully coincide with each other, the refractive indices from two different sources for each component have been averaged. Table 1 lists the minerals and the sources for the refractive index data. Quartz and calcite are birefringent minerals. The refractive indices of the ordinary and extraordinary rays have been averaged with a weighting of 2/3 and 1/3, respectively, before performing the simulations. [14] and [15] showed only slight differences in simulations for quartz when the optical constants were averaged spectrally and when the simulations were performed for both rays individually and then averaged. For calcite the differences were higher [14] .
FTIR extinction measurements
FTIR measurements provide an extinction coefficient, that is the extinction due to scattering and absorption by dust particles for a given path length (e.g. [12, 14] ). Together with dust particle number concentrations and size distributions the extinction coefficient is transferred into extinction efficiency (i.e. extinction cross section divided by geometric cross section). Particle size distribution and number concentration for the measurements used in this study have been determined alongside with the FTIR measurements ( [12, , 14 ] the effective radii and mass weighted mean diameter are provided in the appendix, Table A.1).
Measurements of extinction spectra for the five single components specified in Table 1 have been performed at the University of Iowa and are described in [14] . They are referred to as "Iowa measurements" hereafter.
Extinction spectra of bulk-dust samples have been measured in the 4.2 m 3 CESAM simulation chamber at the Laboratoire Interuniversitaire des Systèmes Atmosphériques (LISA) at the Université Paris Est Créteil and are referred to as "LISA measurements" in the remainder of this paper. These bulk dust samples have been generated from natural soil samples collected in different areas arid and semi-arid areas worldwide and have significant contributions of large (supermicron, up to 30 mm in diameter) particles. Full details are provided in [12] . The extinction spectra of these samples are measured after different residence times in the atmospheric simulation chamber. The particle size distribution has been determined together with the extinction measurements (effective radii and mass weighted mean diameter are provided in the appendix, Table A. 2) while the composition of the samples has been analyzed a posteriori as well as from the spectra itself [13, 12] .
3. Simulation of optical properties for spherical and non-spherical particles
Lorenz-Mie scattering and extinction
Lorenz-Mie solutions for light scattering spheres consist of calculating extinction and scattering efficiencies Q ext and Q scat , respectively, by
The Mie coefficients (a n and b n ) depend on the complex refractive index as well as on the size parameter x ¼2πr/λ and are thus spectral quantities. In this study, the Mie coefficients are calculated with the upward recurrence method [24] using the stability criterions described by [10] . The latter includes breaking the series calculation at n max ¼x þ4x 1/3 þ2. Stability conditions and series limits determine the numerical stability of Mie algorithms (e.g. [10, 25, 24] ) and thus the quality of results. The algorithm used for comparison in this study is an adaptation of the Bohren and Huffmann [26] Mie code using upward recurrence. It thus has rather low computational efficiency but likewise high numerical stability. It is widely known that Lorenz-Mie simulations yield wrong results for non-spherical particles, both in the Rayleigh limit (x«1) and also for larger particles in the Mie scattering size mode (e.g. [5, 14, 15, 16, 27] ), as it does not account for effects caused by the particle non-sphericity.
Small particle approximation
For particles in the Rayleigh limit it is often assumed that scattering can widely be neglected and the extinction efficiency is represented by the particle absorption only. For non-spherical particles different approximations of Rayleigh limit absorptions have been formulated ( [26] ; see also [14, 15, 16, 28] ).
Absorption and scattering efficiency in the Rayleigh limit can be described by two approximations for particle shape models which are of special significance for desert dust particles: the "Continuous Distribution of Ellip soids" (CDE) and the "disk" approximations [26, 14, 15, 26] . Following chapter 12 in [26] , the corresponding absorption efficiencies are calculated from size parameter x and complex refractive index m as
As both are linear in x, the solutions are formally only valid for x«1 (see discussion in [14] ).
In these and all equations the radius r in x is assumed to be represented by the radius of a volume equivalent sphere for the respective particle, which allows to use the size parameter x in the calculations.
Corresponding scattering efficiencies for small ellipsoidal particles can be calculated according to chapter 12 in [26] :
Similar Rayleigh-limit solutions for the absorption and scattering efficiencies can also be derived for needleshaped and spherical particles [26] . As these are only used for comparison of the results for different shapes at one occasion in the paper, the equations are not reproduced here for the sake of readability.
Scattering efficiencies are small in the Rayleigh limit and the scattering phase function is assumed to be represented by the Rayleigh phase function
3.3. Large particle approximation
In the large particle (or geometric optics) limit the Lorenz-Mie solutions for spherical particles show an asymptotic behavior and tend to approximate an analytic solution (e.g. [29, 30] ). The asymptotic limit for Mie scattering of large spherical particles is
When x is in the large particle limit, the curvature radius of the sphere approaches infinity. Thus in the large particle limit all spheres can also be interpreted by Fresnel reflection on flat surfaces (which have curvature radius of infinity). The asymptotic Mie limit presented by [30] suggests Q ext,lim ¼2 regardless of absorption and thus fails to reproduce strong absorption bands where, in fact, the absorption efficiency decreases in spectral ranges of increased Q sca,lim . This approximation therefore cannot be used to reliably reproduce the optical properties of airborne particles for example around the strongly absorbing Reststrahlen bands of silicate particles (especially as these particles are not infinitely large). Moreover the asymptotic limit of Mie particles does not include non-sphericity of the particles.
For reflection at a surface under any incidence angle ϕ the complex angle of refraction is defined by [31, 26] 
and the Fresnel reflection coefficients are
The Fresnel reflectance at the surface of a large particle (that is, x approaches infinity) follows from Eqs. (10) and (11) as
In the large particle limit the scattering efficiency then can be expressed by the angular integral over the Fresnel reflection [31] 
where the first summand is the diffraction efficiency (often constantly set to 1) and the second summand (the integral) describes the reflection at the particle surface [26] . In the limiting case of perpendicular incidence the Fresnel reflection approach is equal to the asymptotic Mie solution in the large particle limit. The Fresnel transmittance can likewise be calculated from
In contrast to calculating the path of individual rays at the particle surfaces for large particles, the Anomalous Diffraction Theory (ADT) provides an elegant formulation for extinction and absorption efficiencies for optically soft particles [31] [32] [33] . We use here the formulation of chapter 11.2 in [31] :
The scattering (i.e., in the case of optically soft particles, diffraction) efficiency is not directly determined but results from the difference between extinction and absorption. Strictly speaking, ADT is only valid for particles with |m À1|«1 and x»1, but the constraint on optical soft particles (|m À 1|«1) is mainly important for the phase lag of the electromagnetic wave calculated for the extinction efficiency and therefore for the scattered part. [32] nevertheless argue that (for infinitely long cylinders) the errors introduced by deviations from this conditions significantly decrease with increasing absorption, thus they can be assumed to be of minor importance near resonance absorption bands.
As the name already indicates, the anomalous diffraction theory considers the diffraction of the light in optically soft particles and does not reliably take into account the reflection at the particle surface. By combining Eqs. (13), (17) and (19) and substituting the diffraction term in Eq. (13) by the corresponding ADT solution the scattering efficiency for large particles, including diffraction and reflection, can be approximated by
The phase function for the large particle approximation directly follows from Eqs. (12), (16) and the angular diffraction pattern [26] . The diffraction contributing to the phase function can be calculated according to [31] as
where J 0 is the zero-order Bessel function, ϕ is the incidence angle as above and the scattering angle θ for the transmitted ray is
The combined phase function for the large particle approximation is then simply
where ϕ and ϕ 0 determine the scattering angle θ. Eq. (22) takes into account the scattered radiation after up to one internal reflection. Higher scattering orders are assumed to be small for strongly absorbing dust particles in the TIR, but can easily be included following the principles of geometric optics. The scattering efficiency consists of an integral over all incidence angles. Assuming no preferred orientation of the particles and, moreover, facetted rough particle surfaces (e.g. [34] ) it seems justified to assume a random distribution of incidence angles.
Asymptotic approximation approach for non-spherical particles
A simplified solution for extinction and absorption by non-spherical particles can be derived from combining the asymptotic Rayleigh and large particle approximations described above.
A heuristic way to combine the different solutions for small and large particles without strictly separating by a size parameter threshold is to use a weighting function which is nonlinear in x, bound to [0,1] and asymptotically approaches 0 for x-0 and 1 for x-1. This can be achieved by weighting of the two asymptotic solutions with an exponential decay function in the form
The sum of f 1 and f 2 always equals 1 and thus this approach does not introduce arbitrary scaling factors to the scattering and absorption solution.
Acknowledging that the validity of the Rayleigh approximation generally requires x«1 whereas the validity of the geometric optics solution generally requires x»1. None of the solutions is exactly true around x¼ 1. For x 41 the Rayleigh solution yields inaccurate results, whereas for x o1 the large particle approximation also fails to reproduce the optical properties accurately. As a consequence it seems reasonable to separate the regions of applicability for these different approximations at x ¼1, where the weighting fractions are simply postulated to be equal,
While not rigorously correct (as neither solution is rigorously valid at x¼1), this is a simple heuristic approximation whose validity can be tested experimentally. The equality
in Eq. (23) . Strictly speaking, the Rayleigh approaches are valid only for x«1, while the error of the Fresnel þADT solution decreases with x-1. Consequently both methods are good representations of the asymptotic behavior of extinction spectra in the small and large particle limits, while both may fail to exactly describe the optical properties around x¼1. Combining both by e À x respective 1 À e À x yields the asymptotic approximation approach for arbitrary refractive index and particle size:
Whether the CDE or the disk (or any other) approximation is used for the Rayleigh approach depends on the mineral component (see [14] [15] [16] 35] ). In order to not include extremely unrealistic spectral features, particle size for the Rayleigh contributions is truncated at x¼1. That means that for larger particles the scattering and absorption efficiencies of the Rayleigh branch are calculated with the truncation value of x ¼1. Likewise the large particle solution is truncated for xo1.
The extinction efficiency and single scattering albedo then are obtained from Q ext ¼Q sca þQ abs and ω 0 ¼Q sca /Q ext , respectively The scattering phase function is calculated by
and the asymmetry parameter is determined by integration of the scattering phase function over the full scattering domain:
All abovementioned quantities are of course spectral quantities which depend on x and m. In the equations the spectral variables have been omitted everywhere but in Eqs. (27) and (28) for the sake of readability.
Comparison of simulated and measured extinction
Single mineral components
As an example, Fig. 1 shows the extinction and absorption efficiency spectra for quartz and illite as simulated with the lognormal size distributions described in [14] and thus with a non-negligible scattering contribution. The size distribution has been subdivided into 500 radius bins ranging from 0.01 to 40 mm. The blue curves represent CDE simulations, the red curves show Lorenz-Mie results and the black curves indicate the spectra of different fixed shape assumptions in the Rayleigh terms (SDE: "single distribution of ellipsoids"). The solid black line has been determined with the solution for spherical particles, the dashed for disks and the dotted for needle-shaped particles. Comparing the asymptotic approximation for spheres (solid black line) and the Lorenz-Mie solution (red line), the positions of the calculated extinction peaks are similar for both quartz and illite. In addition, for illite the magnitude of the extinction peaks are quite similar while there is some difference in the magnitudes for quartz. This can be seen as evidence that the asymptotic approximation approach can generally yield reliable results (in terms of position and magnitude of the extinction peaks). It also shows that the reliability varies for different minerals, as for example the birefringent mineral quartz shows worse reliability that illite. Moreover the analysis shows the spectral differences between the AAA for non-spherical particles and the Lorenz-Mie simulations are the result of the addition of particle non-sphericity and also of the different methods of calculation. Fig. 2 shows extinction spectra for quartz, illite, kaolinite and calcite as simulated with AAA (blue) and LorenzMie (red) as well as the corresponding Iowa FTIR measurements (black). The illite spectrum has been simulated with the disk approach in AAA whereas for the other minerals the CDE solution has been used. Fig. 2 also introduces the spectral correlation R 2 (over the full spectral domain) between the simulations and the measurements (color coding refers to the simulation method) as well as the deviation of the peak position D pk from the measurements. It is evident that for the silicates the spectral correlation is much better from AAA than for the Mie simulations and also the shift of the peak position towards higher wavenumbers is turned into a rather weak shift towards lower wavenumbers. Improvements are not evident for calcite. The reason has to be further examined in the future. Using other refractive indices than listed in Table 1 leads to a further deterioration in the quality of the results (not shown). Tables 2 and 3 compile the squared correlation coefficient R 2 and the shift of the extinction peak D pk for five different simulation approaches as compared to the Iowa measurements for the five minerals quartz, illite, kaolinite, montmorillonite (spectra not shown as they are rather similar to those of illite) and calcite. It is clearly evident that for quartz the CDE solution is the best approximation to the measurement in terms of correlation and peak position. For the clays the analysis shows that the method with highest correlation does not necessarily also reflect the best approximation to the peak position. For instance the illite correlation is highest with the disk approximation, while the needle approach has an even slightly better correspondence of the peak position. Likewise the correlation is at maximum with CDE for kaolinite and montmorillonite. But for those the peak position is much better approximated with the disk approach (see also [14] ). For calcite the Lorenz-Mie simulations result in about the same correlation as the CDE approach but with better localization of the peak maximum. The selection of the Rayleigh method within the AAA simulations has been based on the correlation rather than the peak position for the remainder of this paper. Consequently the disk approximation is used for illite whereas CDE is used for all other minerals (including calcite, where CDE shows the best results of all AAA simulations). Clay minerals typically show a sheeted plate-like structure whereas quartz and calcite take various shapes (see e.g. [36] and also [37] ). Consequently these results show a good correspondence with the expectations based on the consideration of real dust particle shapes. Fig. 1 . Extinction (top) and absorption (bottom) efficiencies for quartz (left) and illite (right) calculated with different approaches. The blue curves represent the asymptotic approximation approach with the Rayleigh solutions for continuous distribution of ellipsoids whereas the red curve is the Lorenz-Mie solution. The black curves are derived from the asymptotic approximation approach for singular distributions of ellipsoids where the solid line is for spherical particles, the dashed line for discs and the dotted line for needles. The monomodal lognormal size distributions derived in [14] have been used for all simulations. Fig. 3 presents simulations of single scattering albedo and asymmetry parameter spectra for quartz and for illite (results from the same simulations as described above: CDE shape model used for quartz and disk shape model for illite). The magnitude of the single scattering albedo is comparable for AAA and Lorenz-Mie in wide parts of the spectral domain for illite. For quartz partly strong differences of the single scattering albedo can be observed.
The spectral evolution of the asymmetry parameter is rather similar for the AAA solution and the Lorenz-Mie simulations. At most positions the AAA asymmetry parameter is slightly lower than that from Mie theory. A significant difference between AAA and Lorenz-Mie results is found around 1350 cm À 1 for quartz. The reason is that in the disk solution for small particles (like used for illite) the scattering efficiency approaches zero at the Christiansen wavelength [38] where |m 2 À 1| approaches zero. The same drop of Q sca is found in the large particle approximation. In the CDE Rayleigh approach this drop of Q sca is not present.
As the phase functions of the small and large particle approximations are weighted by the corresponding scattering efficiency, Q sca,CDE gets relatively more weight than Q sca,A þ F and consequently the Rayleigh phase (with g ¼0) function outweighs the geometric optics phase function. Fig. 4 depicts the scattering phase functions for quartz and illite. The spectral evolution is shown for the AAA solutions for both minerals together with the phase functions at 950 and 1700 cm À 1 . It can be seen that for both minerals the phase functions at 950 cm À 1 look rather similar for the AAA and Lorenz-Mie solutions whereas at higher wavenumbers the AAA solution tends to reproduce a significant forward peak which is not as evident from the Lorenz-Mie simulations. It seems to be due to the shifted position of the minimum of the scattering phase function that the asymmetry parameter from the Lorenz-Mie solutions nevertheless is slightly larger than that of the AAA simulations. As the scattering phase function in this spectral region has not been measured in the laboratory it cannot be analyzed if the AAA improves results in comparison with the Lorenz-Mie theory, which assumes Table 3 Shift of the extinction peak position in the simulated extinction efficiencies compared to FTIR spectra for the different Rayleigh approximations and the five minerals.
Fig . 3 . Single scattering albedo (top) and asymmetry parameter (bottom) for quartz (left) and illite (right) in the monomodal lognormal particle size distribution from [14] . The blue curves represent the asymptotic approximation approach and the red curves originate from the Lorenz-Mie solutions.
spherical particles, or if the derived asymmetry parameter is correct.
Natural dust samples
Fig . 5 shows extinction spectra of bulk dust samples from Nigeria and from China with two different size distributions resulting from residence time in the atmospheric simulation chamber (see [12] for details). Besides the LISA measurements also simulations of these spectra with the AAA method and with Lorenz-Mie theory are presented. The simulations have been performed with effective refractive indices calculated iteratively using the MaxwellGarnett effective medium approach [39] from the refractive indices of the different dust components weighted according to their abundance. The mineralogical composition of the two dust samples is derived from [13] . The relative contributions of the five minerals used in this study for the simulation is reproduced in the appendix (Table A. 2).
The "Niger1" and "China1" spectra are those measured at the early stage of the experiment, so with the largest fraction of supermicron particles, while "Niger3" and "China3" represent the extinction spectra after 50-minute residence time, when a part of the supermicron fraction has deposited by gravitational settling [12] . The AAA solution has been calculated with the CDE approach for the Rayleigh limit. As before (for the silicates) the correlation with the measurement is higher for the AAA solution than for the Lorenz-Mie solution. The spectral correlations decrease after the residence time in the atmospheric chamber for the China sample, but the inverse is observed for the Niger sample. Peak shifts have not been calculated for the bulk dust spectra, as several local peaks of the different abundant minerals contribute to the overall spectrum. Nevertheless it can be seen from the spectra that the position of the major (silicate) extinction peaks are well reproduced by the simulations with both methods. The extinction at high wavenumbers (1300- Fig. 4 . Scattering phase function for for quartz (left) and illite (right) in the monomodal lognormal particle size distribution from [14] . The upper panel shows the spectral phase function of the asymptotic approximation approach whereas the lower panel depicts phase functions of the AAA (blue) and Lorenz-Mie (red) simulations evaluated at 950 cm À 1 (solid) and 1700 cm À 1 (dashed).
1500 cm À 1 ) due to calcite abundance in the China sample is reproduced by the simulations qualitatively but not quantitatively. Fig. 6 shows a similar analysis as Fig. 5 . The only difference is that for these simulations the extinction spectra for the different mineralogical components abundant in the samples have been calculated and afterwards averaged according to their relative abundance (this approach has also been used in [5] ). In contrast to the above results for the China spectra, the correlations of the Lorenz-Mie simulations with the measurements are slightly higher (while still weak) than those of the AAA calculations. For the Niger samples the AAA solution again correlates better with the FTIR spectra than the Lorenz-Mie method. The Lorenz-Mie simulations for both samples fail to correctly reproduce the position of the main extinction peaks, showing a significant shift towards higher wavenumbers in the Lorenz-Mie results.
It can be observed that the largest deviations between AAA spectra (and also Lorenz-Mie solutions) and measurements for the China sample occur at wavenumbers well above 1200 cm À 1 . Fig. 2 suggests that the extinction at these wavenumbers is dominated by calcite, which moreover shows the worst correlation of all single mineral comparisons as well as a rather weak reproduction of the extinction peak position. Moreover, calcite is the only mineral where the Lorenz-Mie simulations show better correspondence to the Iowa measurements than the AAA simulations.
If only the spectral range between 800 and 1250 cm
is considered, the AAA simulations well represent the measurements whereas the Lorenz-Mie simulations show the typical shift of the extinction peaks towards higher wavenumbers (Fig. 7) . The calcite extinction peak at higher wavenumbers does not have a large effect on the spectrum in this domain and consequently the correlations of both methods for the China sample increase significantly. This spectral domain is the most important one for dust remote sensing in the TIR whereas the spectral domain of the strong calcite peak is dominated by water vapor absorption in the atmosphere and thus cannot be used for dust remote sensing (e.g. [5] ). The simulations using effective medium refractive indices calculated with the MaxwellGarnett approach (see full-domain spectra in Fig. 5 ) yield correlations over the window region spectral range which do not significantly deviate from those presented in Fig. 7 (not shown). Consequently both, effective refractive indices as well as averaged optical properties can be used for simulating the single scattering properties of desert dust mixtures in the TIR window.
Discussion
The asymptotic approximation approach for calculating the single scattering properties of non-spherical dust particles is able to well reproduce the spectral variation of extinction by silicate dust components. Compared with Lorenz-Mie simulations it shows an improvement in spectral correlation and peak position with respect to laboratory measurements. The results for calcite are not as convincing. In fact, for the pure calcite spectrum the spectral correlation is (very slightly) higher for the LorenzMie calculations than for the AAA method.
These problems in reproducing the calcite peak between 1400 and 1700 cm À 1 directly impact on the correspondence between simulations and measurements for bulk dust samples. Both methods (Lorenz-Mie and AAA) widely fail to reproduce this calcite peak in the LISA measurements. The low correspondence especially for the Fig. 6 . Extinction efficiency from bulk dust laboratory measurements (black) as well as Lorenz-Mie (red) and asymptotic approximation approach (blue) solutions for particles directly after injection (left) and after some residence time (right) for dust samples from Niger (top) and China (bottom). All simulated spectra are based on averaging of the corresponding optical properties of individual minerals contributing to the dust mixture.
calcite peak points towards two important lessons. One is that the optical properties of calcite still seem to require some more attention, as for calcite generally significant problems in reproducing the extinction spectrum occur (potentially due to an incorrect modeling of the scattering at higher wavenumbers). Especially for calcite there is a large impact of particle size on the relative significance of the different absorption peaks and on the spectral shape of the extinction signal (see comparison in [14] ). In all simulations performed in this study the mineralogical composition of the dust is assumed to be independent of the size distribution. This has been shown to be not always true (e.g. [13, 40] ). Moreover it is assumed that the abundant minerals are distributed equally over the size ranges of the dust size distribution. The results observed here seem to indicate that these two assumptions might be an oversimplification and that mineral composition could as well be varying with particle size. All results of optical properties shown and examined here are those for pure dust suspended in an otherwise transparent medium (clean air). Also the extinction efficiency is not affected by thermal emission from the dust itself. In any application, be it remote sensing or climate studies, the problem is much more complex due to the effect of masking by absorbing gases, by effects of the thermal contrast between the dust layer and the underlying surface (e.g. [3] ) as well as imperfect knowledge about dust composition and chemical mixture with other aerosols such as sea salt or industrial sulfates. Thus a lot of the spectral differences found here for different dust compositions might not be as significant in atmospheric spectra as in the laboratory measurements. Nevertheless it has been shown previously, that space- Fig. 7 . Window region only extinction efficiency from bulk dust laboratory measurements (black) as well as Lorenz-Mie (red) and asymptotic approximation approach (blue) solutions for particles directly after injection (left) and after some residence time (right) for dust samples from Niger (top) and China (bottom). All simulated spectra are based on averaging of the corresponding optical properties of individual minerals contributing to the dust mixture.
borne measurements from hyperspectral infrared sounders such as the Infrared Atmospheric Sounding Interferometer (IASI) can be used to discriminate signals of dust composition from space [41, 5] .
Whether it is better to use effective refractive indices or to simulate the optical properties of single minerals and then average according to their abundance is not entirely clear from the comparisons with the LISA measurements for bulk dust presented above. The Niger sample would suggest that averaging the optical properties is more reliable whereas for the China sample it seems to be vice versa. The latter conclusion mainly stems from the better representation of the calcite extinction peak at high wavenumbers in the effective medium approach. For the atmospheric window region the correlations are quite similar between effective refractive indices and averaged optical properties.
While the correspondence between simulations and measurements is rather weak for the calcite-bearing bulk dust sample, the results significantly improve for the 800 to 1250 cm À 1 atmospheric window region. For atmospheric remote sensing the calcite extinction at higher wavenumbers is masked by strong water vapor absorption bands in this region. Consequently the imperfect simulation of the calcite extinction here has only minor impacts on the usability of the simulations for remote sensing (and climate) applications. The reliability of the asymptotic approximation approach has been analyzed in terms of the spectral shape of extinction spectra as well as the position of the major extinction peaks. Although also single scattering albedo and asymmetry parameter as well the scattering phase functions have been shown, the comparison with LorenzMie simulations shows discrepancies between both approaches. The FTIR measurements performed at the University of Iowa and at the LISA laboratory cannot be used to judge which one better represents the full single scattering properties of desert dust. Consequently in a subsequent study the asymptotical approximation approach will be compared with simulations by more exact methods for non-spherical dust particles, such as Tmatrix simulations (e.g. [42] ). Only then can the accuracy of the method can be fully evaluated. This work is focused on introducing and testing the method as a means for simulating the spectral shape of the IR extinction profiles through a quantitative comparison to results from laboratory measurements. It is beyond the scope of this paper to fully address the accuracy of single scattering albedo and phase function. This topic will be covered in a dedicated study in the future.
Conclusions
A simple method for simulating single scattering properties of dust particles in the terrestrial infrared based on asymptotic approximations for scattering and absorption in the Rayleigh-mode as well as on anomalous diffraction theory and large particle limits for scattering and absorption has been presented. Extinction simulations with this method have been compared to independent measurements of both, single component dust and bulk dust collected in desert environments as well as to simulations with Lorenz-Mie theory. The asymptotic approximation approach improves the results insofar that the spectral extinction patterns of single minerals better coincide with the measurements than for the Lorenz-Mie simulations.
It has also been shown that for bulk dust reliable spectra can be simulated with the AAA method as well. Spectral correlation reaches values as high as R 2 ¼0.92
over the full spectral domain and R 2 ¼0.94 in the atmospheric window.
The comparison with extinction measurements of bulk dust from desert environments at different times after injection into the measurement chamber showed that the calcite extinction in the China sample is not well reproduced in the simulated optical properties. In current applications such as remote sensing and climate studies (including dust modeling) size-dependent dust composition is not yet considered. Nevertheless the results presented here suggest that in some cases the radiative properties may highly depend on the proper characterization of dust composition in different size classes. Subsequent work will address the characterization of the dust composition in different particle size classes or modes of the particle size distribution.
The asymptotic approximation approach is much faster than Mie calculations, as no iterative Bessel functions have to be calculated and as it is not subject to (theoretically infinite) series expansion. Moreover it is suitable for different particle shapes, also such deviating from any spheroidal assumption. For example it is as well possible with this approach to calculate optical properties of cylindrical or cubic particles over a wide range of particle sizes. Also preferred particle orientation can easily be included in the simulations.
AAA single scattering albedo and asymmetry parameter show approximately the same magnitude as from LorenzMie simulations. Nevertheless the also show spectral discrepancies, which cannot be explained only by the shift in the positions of absorption peaks. As these quantities have not been measured in the laboratory, it is so far impossible to assess if the asymptotic approximation approach yields reliable results with respect to the scattering phase function and single scattering albedo. A subsequent study will investigate these quantities by comparison with the Tmatrix method.
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Appendix A
Effective radius and mass weighted mean diameter are defined as. Table A. 2 Estimated composition for the simulations for LISA dust samples (see [13, 12] ). The numbers have been obtained by averaging the fine and coarse modes from [13] Table 2 and normalization to the five minerals taken into account here. The clay mineral partitioning has been performed by using illite/kaolinite ratios of 0.1 for Niger and 5.0 for China [43, 44] . 
